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ABSTRACT: The rise and dissemination of glycopeptide antibiotic (GPA)-resistant pathogens in healthcare
settings fuel efforts to discover GPAs that can overcome resistance. Members of the type V subclass of GPAs
can evade common GPA resistance mechanisms and offer promise as new drug leads. We characterize five new
type V GPAsrimomycin-A/B/C and misaugamycin-A/Bdiscovered through a phylogeny-guided genome
mining strategy coupled with heterologous production using our GPAHex synthetic biology platform.
Rimomycin is a heptapeptide similar to kistamicin but includes an N-methyl-tyrosine at amino acid 6 (AA6)
and substitutes 4-hydroxyphenylglycine for tyrosine and 3,5-dihydroxyphenylglycine at positions AA1 and
AA3. Misaugamycin is characterized by an unprecedented N−C cross-link between AA2 and AA4 and unique
N-terminal acylation by malonyl (misaugamycin-A) or 2-sulfoacetyl (misaugamycin-B) groups. We
demonstrate that rimomycin-A/B/C and misaugamycin-A/B are potent antibiotics with activity against
GPA-resistant clinical isolates and that the mode of action is consistent with the inhibition of cell division by
the evasion of autolysin activity. These discoveries expand the chemical diversity of the type V GPAs, offer new
chemical scaffolds for drug development, and demonstrate the application of the GPAHex platform in mining
GPA chemical “dark matter”.

■ INTRODUCTION

Glycopeptide antibiotics (GPAs) such as vancomycin and
teicoplanin are natural product drugs that are vital for treating
serious infections caused by Gram-positive pathogens, partic-
ularly multi-drug-resistant enterococci and Staphylococcus
aureus.1 GPAs have gradually lost their efficacy against life-
threatening pathogens because of the development of
resistance.2 Most GPAs inhibit bacterial growth through binding
to the D-alanyl-D-alanine (D-Ala-D-Ala) terminus of the
peptidoglycan (PG) stem peptide, thereby blocking the cross-
linking and extension of the polymer.3 Replacing the terminal D-
Ala-D-Ala dipeptide by D-Ala-D-lactate (D-Ala-D-Lac) through
the expression of vanHAX resistance genes is the dominant
resistance mechanism for GPAs in environmental and clinical
settings where it is expressed in enterococci.4−6 On the other
hand, thickening the cell wall in Staphylococcus can also provide
redundant D-Ala-D-Ala termini that can neutralize GPAs,
resulting in intermediate resistance to vancomycin.7,8 To
address the growing resistance challenge, three D-Ala-D-Ala-
binding second-generation semisynthetic GPAs (telavancin,
dalbavancin, and oritavancin) were introduced to the market
over the past decade.9−11 However, the foreseeable develop-
ment of resistance to these second-generation GPAs requires
continued effort to discover and develop more effective GPAs
and other Gram-positive-directed antibiotics.12

GPAs are grouped into five (I−V) structural subtypes.13 Type
I GPAs such as vancomycin have aliphatic amino acids at AA1
and AA3. Type II−IV GPAs are composed entirely of aromatic

amino acids. The chemical structures of GPAs are further
diversified by postaglycone modifications such as methylation,
glycosylation, sulfation, and acylation.14 Type I−IV GPAs bind
D-Ala-D-Ala as described above to achieve their antibacterial
impact. On the other hand, type V GPAs such as complestatin
and kistamicin are characterized by the presence of a D-E biaryl
ring system composed of tryptophan (Trp) and a central 4-
hydroxyphenylglycine (Hpg), and corbomycin15 and GP673816

possess a nonapeptide scaffold distinct from that of the canonical
type I−IV GPA heptapeptides (Figure 1A). Unlike type I−IV
GPAs, type V GPAs lack postaglycone modifications including
glycosylation. We recently reported that type V GPAs, including
complestatin, corbomycin, and GP6738, exhibit a different
mode of action (MOA) than D-Ala-D-Ala-binding type I−IV
GPAs.15,16 Instead, type V GPAs bind PG and impair bacterial
growth through the indirect inhibition of autolysins, which are
essential PG hydrolases required to remodel the cell wall during
elongation and division.15 Consequently, type V GPAs over-
come the D-Ala-D-Lac GPA resistance and exhibit potent
antibacterial activity against vancomycin-resistant enterococci
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(VRE). Therefore, type V GPAs offer a promising new group of
antibiotics for further discovery and development.
GPAs are synthesized by multimodular nonribosomal peptide

synthetase (NRPS) systems17−20 (Figure 1B). The genes
encoding the biosynthetic machinery of GPAs and other NPs
are clustered in the chromosome in biosynthetic gene clusters
(BGC). GPA BGCs possess genes required for peptide
assembly, the amino acid precursor supply, scaffold cross-
linking and modification, resistance, regulation, and transport.14

In addition to common amino acids, GPAs include several
nonproteinogenic amino acid building blocks, including Hpg,

3,5-dihydroxyphenylglycine (Dpg), and β-hydroxytyrosine
(βHT). TheNRPSmega-enzymes assemble the peptide scaffold
through collaboration among the adenylation (A), thiolation/
peptidyl carrier protein (T/PCP), and condensation (C)
domains. Amino acid building blocks are recognized and
activated by the A domains and then loaded onto the adjacent
T domain, which is then condensed to the downstream T-
tethered amino acid residue via an amide bond by the following
C domain. During the extension of the peptide chain,
epimerization (E) domains and the methyltransferase (MT)
domain may also be involved to alter the L-amino acid to the D-

Figure 1. Structures of type V GPAs and the schematic biosynthetic pathway of complestatin. (A) Chemical structures of type V GPAs. Type V GPAs
are classified by the presence of the conserved central Trp-Hpg-(m)Tyr cross-linked structural motif. Kistamicin has an extra A−O−B ring, and
corbomycin has two extra B−C andG−O−H ring structures. Most GPAs are heptapeptides; however, corbomycin andGP6738 represent the only two
known nonapeptide GPAs. (B) Complestatin biosynthetic pathway as an example of GPA biosynthesis. The core NRPS scaffold genes (comA-comD),
MbtH gene (comE), Na+/H+ antiporter gene (comF), halogenase gene (comH), and P450 monooxygenase genes (comI-comJ) are shown. NRPS
domains are labeled as A, adenylation; C, condensation; T, thiolation or peptidyl carrier protein; E, epimerization; MT, methyltransferase; X, Oxy-
recruting domain; and TE, thioesterase. The halogenation catalyzed by ComH takes place when the amino acid building block is tethered to the T
domain. The characteristic ring cross-linking reactions are performed by specific Oxy proteins as shown. Numbering of the rings on the GPA scaffolds
is shown in bold font.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.1c01389
ACS Cent. Sci. 2022, 8, 615−626

616

https://pubs.acs.org/doi/10.1021/acscentsci.1c01389?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c01389?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c01389?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c01389?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c01389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


configuration and installN-methyl groups 6. The chlorination of
T-tethered amino acid residues and the β-hydroxylation of T-
tethered tyrosine can also occur during the elongation
process.21−23 Multiple rounds of similar elongation steps result
in the linear peptide scaffold of GPAs. Subsequently, the T-
tethered GPA peptide scaffolds are cross-linked through
sequential oxidative cyclization catalyzed by the P450
monooxygenases (OxyB > (OxyE) > OxyA > OxyC in type
I−IV GPA biosynthesis24−27) to generate the rigid 3D structure
that is characteristic of GPAs. The Oxy proteins are recruited by
a conserved penultimate Oxy-recruiting domain, X-domain, to
catalyze the oxidative cyclization.28 One Oxy protein is typically
responsible for the installation of one cross-link in GPA
biosynthesis; however, OxyC from the kistamicin BGC was
recently shown to perform dual oxidative cyclization in
kistamicin biosynthesis.20 OxyC from the corbomycin BGC is

also believed to mediate dual oxidative cyclization in
corbomycin biosynthesis,15 suggesting that the Oxy proteins
may represent a new diversification node for the generation of
novel GPAs. The cross-linked GPA scaffolds are then released
from the NRPS assembly line by terminal thioesterase (TE)
domain-catalyzed hydrolysis. Subsequently, methylation, sulfa-
tion, glycosylation, and acylation may follow to further diversify
the GPA scaffolds.
Our identification of new type V GPAs used a phylogenomic

approach based on the analysis of the antibiotic BGCs, a strategy
that revealed dozens of novel GPA BGCs.29 This GPA reservoir
has not been explored mainly because of the “cryptic/silent”
nature of the clusters, where either the organisms produce the
compounds in a low yield or often do not express them at all
under laboratory conditions. To access this untapped GPA
chemical “dark matter”, we developed the GPAHex (glycopep-

Figure 2. In silico analysis of the GPABGCs. (A)MinHash distance phylogeny computed with a mashtree. Nodes with bootstrap support 80 and above
are indicated by red circles. BGC numbers (Supporting Information) identified from each actinobacterium are also used to label each strain. Most type
V GPA BGCs are found in Streptomyces and are grouped on the top half of the tree. Streptomyces strains are labeled with different squares according to
the type V GPA BGCs they possess: orange (Comp, complestatin), green (Corb, corbomycin), azure (GP6738), light gray (Rmo, rimomycin), dark
gray (Misau, misaugamycin), light purple (Deca, decapeptide type VGPA), white (Octa, octapeptide type VGPA), and light blue (Deca, corbomycin-
like decapeptide type V GPA). The black square represents kistamicin BGC. Corbomycin BGC containing strains split into two subclades and
misaugamycin BGC containing strains are divided into three subclades in the tree. Class names are abbreviated as Streptosp. (Streptosporangiales) and
Micros. (Micromonosporales). Strains from the class of Pseudonorcardales form two subclades in the tree. Species names are abbreviated as S.
(Streptomyces), Amy. (Amycolatopsis), Non. (Nonomuraea), Herb. (Herbidospora), Actp. (Actinoplanes), Polym. (Polymorphospora), Microm.
(Micromonospora), Actm. (Actinomadura), Kib. (Kibdellosporangium), Sacm. (Saccharomonospora), Actk. (Actinokineospora), andNoc. (Nocardia). (B)
Gene organization of rimomycin-related BGCs. Rimomycin BGCs show identical organization across the five Streptomyces strains. The domain
organization of the NRPS assembly line is shown. Hpg biosynthetic genes are labeled as hmo, 4-hydroxymandelate oxidase; hmaS, 4-hydroxymandelate
synthase; hpgT, 4-hydroxyphenylglycine transaminase; and pdh, prephenate dehydrogenase. Predicted amino acid building blocks loaded by the
adenylation domains are shown. (C) Gene organization of misaugamycin-related BGCs. Misaugamycin BGCs show almost identical organization
across the six Streptomyces strains except for the presence of two additional putative transposase genes (misL and misM) in WAC00631, S. f radiae
ATCC 19609, and S. f radiae olg 1-1. BGCs of the other type V GPAs are shown in Figures S1−S5. NRPS domains are labeled as in Figure 1B.
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tide antibiotics heterologous expression) synthetic biology
platform.16 Using GPAHex, two new cryptic GPAs, GP1416
and GP6738, were identified and characterized.
Here we describe the discovery and characterization of five

novel type V GPAsrimomycin-A/B/C (named for its BGC
that is widely distributed in Streptomyces rimosus strains) and
misaugamycin-A/B (named for its Mississauga, Ontario,
Canada geographical source)using phylogeny-guided ge-
nome mining of GPA BGCs coupled with heterologous
expression using the GPAHex platform, which we improve
through the addition of new regulatory elements. We show that
these new GPAs are consistent with the type V subclass but have
unprecedented structures, cross-linking patterns, and an
improved antimicrobial spectrum. This study further demon-
strates the power of GPAHex in mining novel cryptic GPAs.

■ RESULTS AND DISCUSSION
Phylogeny-Guided Genome Mining of Type V GPA

BGCs. From published genomes and our in-house sequenced
genomes, we identified 116 candidate BGCs using the GPA
fingerprint sequences (oxyB, oxyC, halI, dpgC, and oxyE) and
BLASTp followed by antiSMASH analysis.30 All of the GPA
BGCs were retrieved from organisms in the phylum Actino-
bacteria. Using the available whole genome sequences (n = 97),
we constructed a multiple-species phylogeny tree using
MinHash distances31 (Figure 2A). Unlike our previous tree
built using concatenated single-copy TIGRFam sequences,32

MinHash distances use kmer information from the entire
genome. Because most type V GPA BGCs are found in
Streptomyces (kistamicin from Nonomuraea is the only

exception), the associated strains are grouped in the top half
of the tree and the D-Ala-D-Ala binding GPA BGCs are more
widely distributed among other genera. Strains harboring more
than one GPA BGC are indicated by multiple leaf nodes.
Compared to the first description of the GPA BGCs species
phylogeny tree, including 71 GPA BGCs,29 we have dramatically
expanded (18 vs 42) the number of identified type V GPA
BGCs. These type V GPA BGCs represent an untapped
reservoir of novel type V GPA chemical entities.
Strains containing the sameGPABGCs are closely related and

form subclades (Figure 2A). For example, isolates possessing
complestatin and GP6738 BGCs are clustered. Similarly, strains
with corbomycin BGCs are grouped, but these are further split
into two subclades, indicating that corbomycin BGC may have
undergone mobilization events. Besides the complestatin,
corbomycin, and GP6738 BGCs, two more GPA BGCs shared
by different subclades attracted our attention. The rimomycin
andmisaugamycin BGCs (Figures 2B,C) are highly conserved in
the clustered strains, and their domain structures are closely
related to the complestatin BGCs. However, the structure and
function of GPAs encoded by these two BGC subgroups are
unknown, encouraging us to explore these candidates further.
Beyond the known heptapeptide and nonapeptide scaffolds in
the type V GPAs (Figures S1−S3), octapeptide and decapeptide
scaffolds are also identified in our phylogenetic analysis (Figure
2A and Figures S4 and S5), indicating further chemical diversity
in this subgroup of GPA.

GPAHex Production and Characterization of Rimomy-
cin. The genome of WAC06783 was sequenced under our
prev ious I l lumina genome sequenc ing program

Figure 3. Discovery of rimomycin fromWAC06783 using GPAHex. (A) General workflow of GPAHex for discovering GPAs. GPA BGCs of interest
are captured using TAR in yeast, followed by expression in the GPAHex chassis strain S. coelicolorM1154/pAMX4. (B) Metabolic profile of pGP6783
expressed in GPAHex. HPLC traces are (i)WAC06783, (ii) S. coelicolorM1154/pAMX4, (iii) S. coelicolorM1154/pAMX4/pGP6783, (iv) S. coelicolor
M1154/pAMX4/pGP6783/pIJ10257-staQ, and (v) the rimomycin-A standard. The HPLC trace was monitored at 280 nm. Trace amounts of
rimomycin-A/B are also produced inWAC06783, as labeled with inverted triangles in the HPLC trace. (C) Chemical structures of rimomycin-A/B/C.
The key COSY, HMBC, and NOSEY correlations indicating the three cross-links in rimomycin-A/B/C observed from the NMR spectra are labeled
with bold lines, black curved arrows, and double-headed blue curved arrows, respectively.
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(ASM394757v1). Genome assembly resulted in 70 contigs, and
the rimomycin BGC was identified in contig4 by antiSMASH30

(Figure 2B and Table S3). The rimomycin BGC shares a
significant similarity with the complestatin BGC (93% according
to antiSMASH) except for the presence of a starter C domain
and an E domain on its NPRS module 1, indicating a putative
acyl tail modification on its N-terminal Hpg residue, which is in
the D-configuration. A domain specificity prediction results in a
heptapeptide scaffold sequence of Hpg-Trp-Hpg-Hpg-Hpg-
(m)Tyr-Hpg, identical to that of complestatin.18 The presence
of the halogenase-encoding gene (rmoL) indicates that
rimomycin should be chlorinated. The P450-OxyArmo
(RmoM) forms a monophyletic clade with the OxyA’s from
the corbomycin and GP6738 BGCs; however, the other P450-
OxyCrmo (RmoN) forms a monophyletic clade distinct from the
OxyC’s from the complestatin, corbomycin, and GP6738 BGCs
in the P450 phylogenetic tree (Figure S6). The P450s phylogeny
indicates that there should be a canonical Trp2-Hpg4 biaryl
cross-link in rimomycin. However, the other Hpg4-(m)Tyr6
biaryl ether cross-link may be shaped differently in rimomycin.
We could not detect significant GPA production by strain

WAC06783 using our standard protocols.15,33 Furthermore,
WAC06783 was recalcitrant to genetic manipulation, compli-
cated by its intrinsic resistance to kanamycin, apramycin,
hygromycin, and others. We therefore turned to our GPAHex
synthetic biology platform16 to produce rimomycin and
characterize its structure (Figure 3A). A 70,290 bp DNA
fragment covering the predicted rimomycin BGC in the
chromosome of WAC06783 was cloned into the pCGW vector
using transformation-associated recombination (TAR) in
yeast,34 resulting in plasmid pGP6783 (Figure S7A,B).
pGP6783 was mobilized into the GPAHex chassis strain,
Streptomyces coelicolor M1154/pAMX4, through Escherichia
coli−Streptomyces triparental mating35 for heterologous ex-
pression. Comparative metabolic analysis of the high-perform-
ance liquid chromatography (HPLC) chromatograms identified
a series of distinct peaks correlated to the introduction of
pGP6783 (Figure 3B). High-resolution quadrupole time-of-
flight mass spectrometry (HR-QTOF-MS) reveals three major
signal mass values ([M + H]+, m/z) of (A) 1121.3679, (B)
1155.3281, (C) 1189.2900 (Figure S8), correlating to the
predicted molecular formulas C61H52N8O14 (A, calculated [M +
H]+: 1121.3681), C61H51N8O14Cl (B, calculated [M + H]+:
1155.3292), and C61H50N8O14Cl2 (C, calculated [M + H]+:
1189.2902). Compared to the molecular formula of comple-
statin, C61H45N7O15Cl6, rimomycin has one additional nitrogen
and hydrogen atom but lacks an oxygen atom. According to the
nitrogen rule, the HRMS data indicates that rimomycin may
have one free amine instead of the α-keto group in the starter
unit of complestatin. Because rimomycin and complestatin
possess 61 carbons, there should be no acylation on the N-
terminal Hpg. Substituting a ketone group with an amine group
results in a net increase of three hydrogen atoms. However,
rimomycin possesses only one more hydrogen atom than
complestatin, consistent with an additional intramolecular cross-
link.
To elucidate the chemical structure of rimomycin, an

overproduction strain was constructed by introducing the
constitutively expressed strR regulator-staQ19 driven by the
ermEp* promoter in pIJ1025736 into S. coelicolor M1154/
pAMX4/pGP6783. The overexpression of staQ from A47934
BGC results in a 2-fold increase in A and a total 4.2-fold increase
in all three rimomycin analogs (A, B, and C; Figure S9).

Rimomycin-A was purified, and the structure was determined by
one- and two-dimensional nuclear magnetic resonance spec-
trometry (1D/2DNMR) analyses (Figures S10−S16 and Table
S5). The structure of rimomycin-A is shown in Figure 3C. As
expected from the HRMS data, no acyl modification was
observed, indicating that the C-starter domain may function as a
structural domain to initiate the NRPS assembly line instead of
catalyzing amide bond formation between an acyl group and the
N-terminal free amine on Hpg1. The predicted extra A−O−B
biaryl ether cross-link was assigned according to the observation
of the key 1H−13C heteronuclear multiple bond correlations
(HMBC) of H6 on ring A (A-H6 [δ 4.94 ppm]), C4 on ring B
(B-C4 [δ 156.9 ppm]), and B-H5 (δ 7.25 ppm)/A-C5 (δ 150.5
ppm) (Figure S14). The A-O-B cross-link was further confirmed
by the observation of the key nuclear Overhauser enhancement
spectroscopy (NOSEY) correlations of A-H6 (δ 4.94 ppm)/B−
H3 (δ 6.88 ppm), A-H6 (δ 4.94 ppm)/B-H5 (δ 7.25 ppm), and
A-H6 (δ 4.94 ppm)/B−H6 (δ 8.00 ppm) (Figure S15). The C-
O-D cross-link was assigned according to the observation of the
1H−13C HMBC correlations of C-H3 (δ 7.12 ppm)/D-C3 (δ
149.3 ppm) and C-H5 (δ 6.98 ppm)/D-C3 (δ 149.3 ppm),
which was further confirmed by the observation of NOSEY
correlations of C-H5 (δ 6.98 ppm)/D-H2 (δ 5.53 ppm) and C-
H6 (δ 7.94 ppm)/D-H2 (δ 5.53 ppm) (Figure S15). The D-E
cross-link was assigned according to the observation of the
1H−13C HMBC correlations of D-H6 (δ 5.18 ppm)/E-C6 (δ
134.8 ppm), E-H5 (δ 6.89 ppm)/D-C5 (δ 131.2 ppm), and E-
H7 (δ 7.32 ppm)/D-C5 (δ 131.2 ppm) and was further
confirmed by the observation of the NOSEY correlations of D-
H6 (δ 5.18 ppm)/E-H4 (δ 7.50 ppm), D-H6 (δ 5.18 ppm)/E-
H5 (δ 6.89 ppm), and D-H6 (δ 5.18 ppm)/E-H7 (δ 7.32 ppm)
(Figure S15). Given that rimomycin-B and rimomycin-C are
mono- and dichlorinated analogs of rimomycin-A, we first used
tandem MS/MS to locate the chlorination sites on rimomycin-
A. The MS2 production ion fragments of rimomycin-A/B/C, as
shown in Figure S17, clearly show the chlorination sites on
rimomycin-B (Hpg5) and rimomycin-C (Hpg3 andHpg5). The
structures of rimomycin-B/-C were further confirmed through
1D/2D NMR spectrometry as shown in Figures S18−S29 and
Tables S6 and S7. Along with kistamicin,37 rimomycin is the
second example of a type V GPA incorporating a 15-membered
A-O-B ring linkage. Interestingly, we detected some production
of rimomycin-A/B in the parental strain, WAC06783, after
treating the crude extract with a 30% MeOH/H2O (×3) wash,
although we missed it in our initial analysis. A comparison of the
crude extract of WAC06783 and the MeOH-treated samples
showed that the rimomycin-A/B signal in the crude extract is
masked by the massive production of oxytetracycline and
rimocidin polyenes (Figure S30). Accordingly, we were able to
locate the BGCs for oxytetracycline38 and rimocidin39 in the
genome of WAC06783 (Figure S31). This masking of small
quantities of a novel antibiotic by the production of known
antimicrobial compounds further demonstrates the value of
targeted discovery platforms such as GPAHex.

GPAHex Production and Characterization of Misau-
gamycin. The whole-genome sequence of WAC00631 was
determined using a combination of Illumina and MinION
nanopore platforms. Assembly using a hybrid approach
generated a draft genome with 21 contigs, in which the
misaugamycin BGC was identified on contig 4 using
antiSMASH30 (Figure 2C and Table S4). Like rimomycin, the
misaugamycin BGC shows extensive similarity to the comple-
statin BGC (93% according to antiSMASH). The prediction of
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the A domain specificity reveals a heptapeptide scaffold of Hpg-
Trp-Hpg-Hpg-Hpg-Tyr-Hpg, identical to that of rimomycin and
complestatin. Because there is noMTdomain inmodule 6, there
should be a Tyr6 in misaugamycin instead of a mTyr6 in
rimomycin and complestatin. A starter C domain was also
identified in misaugamycin BGC, indicating the presence of a

putative N-terminal acylated Hpg1. The presence of the
halogenase encoding gene (misH) predicts that misaugamycin
is chlorinated. P450-OxyCmis forms a monophyletic clade with
the OxyCs from GP6738 and corbomycin BGCs; however,
P450-OxyAmis forms a monophyletic clade distinct from the
OxyAs in complestatin, corbomycin, GP6738, and rimomycin

Figure 4. Discovery of misaugamycin from WAC00631 using GPAHex. (A) Chemical structures of misaugamycin-A/B. The central Hpg in
misaugamycin-A/B has been reduced to form the unique ocHeg residue. The key COSY, HMBC, and NOSEY correlations observed from the NMR
spectra are labeled with bold lines, black/red curved arrows, and blue double-headed curved arrows, respectively. The 1H−15N correlations (red
arrows) observed in HMBC experiments are optimized for nJNH = 8Hz.

40 Misaugamycin-A/B are differentiated by the substitution of the R group with
carboxylic acid (A) or sulfonic acid (B) group. (B) 2D 1H−13C and 1H−15N HMBC spectra of the correlations between Trp2 and ocHeg4 residues in
misaugamycin-A/B.
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BGCs in the P450 phylogenetic tree (Figure S6). On the basis of
the P450 phylogeny, we predict a Hpg4-Tyr6 biaryl ether cross-
link in misaugamycin. However, the characteristic Trp2-Hpg4
biaryl cross-link in the type V GPAs may be shaped differently in
misaugamycin. Interestingly, a putative four-gene cassette
misNOPQ encodes an acyl carrier protein (ACP), an acyl-CoA
ligase, a phosphosulfolactate synthase, and a glyoxalase that
appears to form one operon, surrounded by putative InsQ and
IS200/IS605 transposase-encoding genes (misL andmisM). The
identical organization of the four genes cassette adjacent to the
transposases was also identified in the genomes of S. f radiae
ATCC 19609 and S. f radiae olg 1-1. However, in the genomes of
S. xinhaiensis S187, S. spectabilis NRRL 2792, and S. sp.
YIM121038, the two putative transposase genes are absent
(Figure 2C). This cassette may have originated from S.
xinhaiensis S187, S. spectabilis NRRL 2792, and S. sp.
YIM121038 and was then mobilized into WAC00631, S. f radiae
ATCC 19609, and S. f radiae olg 1-1 through horizontal gene
transfer. We hypothesized that these genes are involved in the
biosynthesis of the N-terminal acyl chain moiety of
misaugamycin.
Because misaugamycin production was not detectable from

the fermentation of WAC00631, we applied our GPAHex
synthetic biology platform to its heterologous production. A
78,889 bp DNA region covering the predicted misaugamycin
BGC in the chromosome ofWAC00631 was cloned into pCGW
using the identical TAR method in yeast,34 resulting in pGP631
(Figure S7C,D). The pGP631 plasmid was mobilized into the
GPAHex chassis strain, S. coelicolor M1154/pAMX4, for
heterologous production. Comparative metabolomic analysis
of the HPLC chromatograms revealed the production of a broad
peak bearing the characteristic 280 nm UV absorption of GPAs
(Figure S32). Misaugamycin is cryptic/silent in the parental

strain, and expression in the GPAHex platform remained
insufficient for downstream purification and structural elucida-
tion; consequently, we turned to the introduction of StaQ as
described above. As expected, the production of misaugamycin
and analogs was dramatically improved in the strR over-
expression strain (Figure S32).
The extract from S. coelicolor M1154/pAMX4/pGP631/

pIJ10257-staQ was analyzed using HR-ESI-qTOF-MS, reveal-
ing two primary signal masses ([M + H]+, m/z) of 1299.2675
and 1335.2338. These values respectively correspond to the
predicted molecular formulas of C63H53N8O17Cl3 (A, calculated
[M + H]+ = 1299.2673) and C62H53N8O18SCl3 (B, calculated
[M + H]+ = 1335.2342) together with a series of related mass
signals (Figure S33). Compared to complestatin, the molecular
formula of misaugamycin indicates that there should be an
introduction of a novel acyl/sulfur modification. Scaled-up (3 L)
fermentation and purification through MeOH/H2O extraction
followed by LH20 and C18 reverse-phase semipreparative
column chromatography results in two pure compounds,
misaugamycin-A/B. An analysis of 1D and 2D NMR spectra
(Figures S34−S50 and Tables S8 and S9) identified a novel type
V GPA scaffold in which the central Hpg4 residue was reduced
and tautomerized into a 4-oxocyclohex-2-en-1-ylglycine
(ocHeg4) residue (Figure 4A). Moreover, the characteristic
C6 (Trp2)-C5 (Hpg4) biaryl cross-link is replaced by an N1
(Trp2)-C1 (ocHeg4) cross-link. The previous C3 (Hpg4)-O-
C4 (Tyr6) biaryl ether cross-link was transformed into a C3
(ocHeg4)-O-C4 (Tyr6) ether cross-link. The C-O-D cross-link
was assigned according to the observation of the key 1H−13C
HMBC correlation of D-H3 (δ 4.32 ppm)/C-C4 (δ 153.73
ppm), which was further confirmed by the observation of
NOSEY correlations of D-H2 (δ 2.02 ppm)/C-H3 (δ 6.43 ppm)
and D-H2 (δ 2.02 ppm)/C-H5 (δ 6.98 ppm) (Figures S39 and

Table 1. Minimum Inhibition Concentration (MIC) of GPAs

MIC (μg/mL)

rimomycin misaugamycin

strains
resistance

type corbomycin complestatin kistamicin A B C A B vancomycin

E. coli BW25113 >128 >128 >128 >128 >128 >128 >128 >128 >128
E. coli BW25113ΔbamBΔtolC >128 >128 >128 8 8 4 >128 128 64
S. aureus ATCC 29213 2 2 2 4 2 2 8 4 1
S. aureus ATCC 33591 2 2 2 4 2 4 8 4 2
S. aureus USA300 8 8 4 16 4 4 8 4 1
S. aureus Mu3 4 4 2 8 2 4 16 4 2
S. aureus Mu50 2 2 1 4 1 2 8 4 4
B. subtilis 168 1 1 1 4 0.5 0.5 2 2 0.25
M. smegmatis ATCC 700084 (mc2155) >256 >256 >128 16 16 8 >256 >256 4
M. tuberculosis H37Ra a >128 a 4 a a a a 2
E. faecalis ATCC 29212 8 8 4 8 2 4 16 16 4
E. faecium ATCC 19434 16 32 8 8 4 8 32 32 2
E. faecium ATCC 70022 VREA 16 32 8 8 2 4 64 32 >128
E. faecium WCC C0491 8 16 a 8 2 2 32 16 >128
E. faecium WCC C0492 8−16 16 a 16 4 8 32 16−32 >128
E. faecium WCC C0495 16 16 a 8 4 8 32 16 >128
E. faecium WCC C0500 4 8 a 4 4 4 16 16 >128
E. faecium WCC C0519 16 16 a 8 4 4 32 16 >128
E. faecium WCC C0533 16 16 a 16 4 4 64 32 >128
E. faecalis ATCC 51299 VREB 16 8 4 16 4 4 16 16 32
E. faecium WCC C0545 16 16 a 16 8 8 32 16 >128
E. faecium WCC C0558 8 16 a 16 4 8 32 16 >128

aNot determined.
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S47). The unprecedentedN1 (Trp2)-C1 (ocHeg4) cross-link in
misaugamycin-A/B was assigned by the observation of the key
1H−13C HMBC correlation of E-H2 (δ 6.60 ppm)/D-C1(δ
63.89 ppm) (Figure 4B and Figures S38 and S46) and the
NOSEY correlations of D-H5 (δ 6.40 ppm)/E-H2 (δ 6.60
ppm), D-H6 (δ 7.94 ppm)/E-H2 (δ 6.60 ppm), D-H2 (δ 3.48,
2.02 ppm)/E-H7 (δ 8.13 ppm), D-H3 (δ 4.32 ppm)/E-H7 (δ
8.13 ppm), and D-Hα (δ 5.50 ppm)/E-H7(δ 8.13 ppm)
(Figures S39 and S47). To confirm this unique N−C linkage,
1H−15N heteronuclear single quantum correlation (HSQC)
experiments were performed. As expected, seven α-NH’s from
the heptapeptide scaffold were identified, and the indole amine
signal was missing from the HSQC spectra for both
misaugamycin-A/B (Figures S40 and S48). The N−C linkage
was further supported by observing the key 1H−15N HMBC
correlation of D-H2 (δ 2.02 ppm)/E-N1 (δ 138.5 ppm) for
misaugamycin-A/B (Figure 4B and Figures S41 and S49).
Additionally, the N-terminal Hpg was acylated by malonyl
(misaugamycin-A) and 2-sulfoacetyl (misaugamycin-B) groups,
which are both unprecedented GPA modifications. Using

Na2SO3 to supplement the fermentation culture of S. coelicolor
M1154/pAMX4/pGP631/pIJ-staQ led to the favored produc-
tion of sulfonated misaugamycin-B (Figure S32).

Rimomycin andMisaugamycin-A/B Inhibit Autolysins.
Type V GPAs show potent antibacterial activity against multiple
Gram-positive bacteria, including multi-drug-resistant patho-
gens.15,16 These GPAs display a novel MOA by blocking
autolysin action through binding to PG, distinct from conven-
tional GPAs that bind to the terminal D-Ala-D-Ala on the PG
stem peptide.15 Rimomycin-A/B/C and misaugamycin-A/B
show broad-spectrum antibacterial activity against Gram-
positive bacteria, including methicillin-resistant S. aureus
(MRSA) and vancomycin-resistant enterococci (VREA and
VREB) (Table 1). Interestingly, rimomycin-A/B/C show a
broader antibacterial spectrum with additional antibacterial
activity against the efflux pump and outer-membrane-compro-
mised E. coli BW25113 ΔbamBΔtolC,Mycobacterium smegmatis
mc2155, and Mycobacterium tuberculosis H37Ra, which has not
been observed in other type V GPAs. Kistamicin possesses an A-
O-B/C-O-D/D-E tricyclic scaffold identical to that of

Figure 5. MOA studies of rimomycin and misaugamycin. (A) Bright-field microscopy of the morphology of B. subtilis 168 cells treated with type V
GPAs. Like complestatin and corbomycin, rimomycin-A- and misaugamycin-A/B-treated cells show an extended and twisted phenotype. (B) Cell lytic
assay of B. subtilis with various antibiotics. Rimomycin-A and misaugamycin-A/B, accompanied by complestatin and corbomycin, are bacteriostatic
antibiotics. (C) Antagonization of cell lysis caused by the PG synthesis inhibitor, phosphomycin, by rimomycin-A andmisaugamycin-A/B. (D) In vitro
PG digestion by autolysin, LytD, in the presence of various concentrations (μg/mL) of complestatin, rimomycin-A, and misaugamycin-A/B. Means
with error bars showing the standard deviation (s.d.) of triplicate experiments (n = 3) are plotted in panels B−D. (E) HPLC chromatograms of type V
GPAs left unbound in solution after incubation with B. subtilis PG. GPAs and PG are mixed and incubated in various w/w ratios. The decreasing
intensity of the corresponding GPA peak compared to the buffer control without PG represents compound binding and removal from solution. HPLC
traces are monitored at 280 nm.
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rimomycin; therefore, we purified this compound from the
producer Nonomuraea sp. ATCC 55076. Kistamicin shows no
activity against E. coli BW25113ΔbamBΔtolC andM. smegmatis
mc2155 (Table 1). The subtle changes in the peptide scaffold by
introducing N-methylation on Tyr6 and substituting Tyr1 and
Dpg3 with Hpg may empower rimomycin with broader activity
compared to that of kistamicin. As observed in the type I−IV
GPAs, halogenation generally improves the antibacterial activity
of rimomycin-B/C. Although misaugamycin-A shows slightly
weaker antibacterial activity than the other type V GPAs, its N-
terminal 2-sulfoacetyl congener, misaugamycin-B, shows
improved activity compared to that of other type V GPAs.
To better understand the MOA of rimomycin and

misaugamycin, phenotypic and in vitro PG digestion and
binding assays were performed. Like the known type V GPAs
complestatin and corbomycin, rimomycin A and misaugamycin-
A/B induce a twisted and extended growth morphology to
Bacillus subtilis 168 (Figure 5A) and are bacteriostatic (Figure
5B). Furthermore, rimomycin A and misaugamycin-A/B block
cell lysis induced by PG synthesis inhibitors, ampicillin, and
phosphomycin (Figure 5C and Figure S51) and inhibit in vitro
cell wall degradation by the PG hydrolases, LytD and CwlO
(Figure 5D and Figure S52). In vitro PG binding assays
demonstrate that PG binds rimomycin-A and misaugamycin-A/
B and can remove the compounds from solution (Figure 5E and
Figure S53). Interestingly, rimomycin-A was titrated from
solution by PG more efficiently at 1:1 w/w PG/rimomycin-A
than at 10:1 w/w PG/rimomycin-A when using B. subtilis PG,
which has never been observed in other type V GPAs. This may
indicate that rimomycin-A has additional binding sites on B.
subtilis PG, explaining its broader antibacterial spectrum.
Overall, rimomycin-A and misaugamycin-A/B have MOAs
similar to those of complestatin and corbomycin by binding to
the PG, preventing the action of autolysins. Further in-depth
studies are required to characterize the binding sites of
rimomycin and misaugamycin on PG to understand their
MOAs fully.

■ CONCLUSIONS

GPAs are essential for treating infections caused by multi-drug-
resistant Gram-positive pathogens. However, the emergence of
GPA resistance threatens the efficacy of these antibiotics, so
more effective GPAs are needed to help address the antibiotic
resistance crisis.12 Although medicinal chemists have begun to
address this problem by introducing second-generation GPAs,
such as telavancin, dalbavancin, and oritavancin, into the clinic
to combat VRE, there remains a need for novel GPAs with
distinct MOAs to offer alternative strategies for the treatment of
infections caused by multi-drug-resistant Gram-positive patho-
gens. Recently, our group characterized members of the poorly
studied type V GPA subclass including complestatin,
corbomycin, and GP6738 that inhibit bacterial cell division by
binding to the PG and consequently blocking the activity of
autolysins.15,16 This MOA is distinct from the D-Ala-D-Ala
binding of other GPAs, enabling the type V GPAs to evade
canonical GPA resistance. Expanding the type V GPA chemical
diversity offers a promising direction for drug discovery and
development.
The advances in genome sequencing have uncovered

countless BGCs in the bacterial pan-genome, especially in
Actinobacteria, that may encode novel antibiotics.41 Using a
phylogeny-guided genomemining approach,29 we identified 116
GPA BGCs from public genomes and our in-house sequenced
genomes. Many of these GPA clusters belong to the type V
GPAs, primarily identified in the genomes of Streptomyces, and
represent an extensive reservoir of type V GPA chemical dark
matter. Among them, rimomycin and misaugamycin were
shared by several Streptomyces strains. Combined with the
GPAHex synthetic biology platform,16 we captured the two
BGCs for heterologous expression. Rimomycin production was
increased by 8.5-fold in GPAHex and 37.5-fold when coupled
with the overexpression of the StrR regulator compared to the
parental strain. Similarly, we were able to express the cryptic/
silent misaugamycin BGC in GPAHex and boost the production
of misaugamycin-A/B when coupled with the overexpression of

Figure 6. Proposed biosyntheses of (A) rimomycin and (B) misaugamycin. OxyA and OxyC in rimomycin and misaugamycin BGCs are recruited to
the NRPS-tethered heptapeptide substrates by the conserved X-domain to mediate the oxidative cyclization. Because OxyCrmo is located in a distinct
clade fromOxyCkis in the P450 phylogenetic tree, we proposed the following ring-closure sequence in rimomycin biosynthesis: C-O-D (1) >A-O-B (2)
> D-E (3). A typical C-O-D (1) > D-E (2) ring-closure sequence was proposed for misaugamycin biosynthesis. During the closure of the D-E ring
through the unprecedented C−N linkage catalyzed byOxyAmis inmisaugamycin biosynthesis, the F420-dependent reductase,MisW, is proposed to take
part in the reduction of the central Hpg4 to form ocHeg4. Ring-closed heptapeptide scaffolds are cleaved from the NRPS assembly line by the terminal
TE domain to release rimomycin and misaugamycin.
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the StrR regulator. As a master regulator of GPA biosynthesis,
strR overexpression can significantly increase the output of
GPAs.42−44 In our case, staQ, the strR from the A47934 BGC,
was overexpressed instead of the BGC-associated strR,
indicating that staQ can be applied as a general tool to promote
GPA production.
Rimomycin-A/B/C andmisaugamycin-A/B, newmembers of

the type V GPA subclass, exhibit striking structural novelty.
Compared to the typical C-O-D and D-E bicrosslinked scaffold
of the type V GPA,13 rimomycin-A/B/C possess an additional
15-membered A-O-B ring, a feature that is also observed in
kistamicin.20 However, there are only two P450s present in both
BGCs despite the presence of three cross-links. Given the
difference between the biaryl ether and biaryl linkages, the OxyC
protein is believed to catalyze the two biaryl ether cross-links,
and the OxyA protein is thought to build the biaryl cross-link. In
vivo gene inactivation and in vitro reconstitution studies in
kistamicin biosynthesis support this hypothesis.20 It is proposed
that the maturation of kistamicin biosynthesis undergoes a
sequential cross-linking of C-O-D > D-E > A-O-B ring.20

However, OxyCkis clusters more closely to the OxyC proteins
from the D-Ala-D-Ala binding GPA BGCs instead of the OxyC
proteins from the type V GPA BGCs in the P450 phylogenetic
tree (Figure S6).Within the typical OxyC proteins from the type
V GPA BGCs, OxyCrmo proteins form a monophyletic clade
separate from ComJ and the OxyC proteins from the BGCs of
corbomycin, GP6738, and misaugamycin. This may indicate
that cross-linking in rimomycin biosynthesis is distinct from that
of kistamicin (Figure 6A). Further studies are ongoing to
elucidate the mechanism for the P450-catalyzed cross-linking in
rimomycin-A/B/C biosynthesis.
Misaugamycin-A/B are distinct from all previously described

GPAs, recruiting malonyl and 2-sulfoacetyl groups as the acyl
tails and installing a reduced and tautomerized central Hpg4 and
a unique C−N linkage between ocHeg4 and Trp2. The four-
gene cassette, including an ACP, an acyl-CoA ligase, a
phosphosulfolactate synthetase, and a glyoxalase encoding
gene, is predicted to be responsible for the supply of the 2-
sulfoacetyl group (Figure S54). We propose that the terminal
F420-dependent oxidoreductase coding gene that is conserved
across the misaugamycin-like BGCs accounts for the reduction
of Hpg4. The unique C−N linkage is predicted to be installed by
the OxyAmis protein, which catalyzes the C−C biaryl linkage
between Hpg4 and Trp2 in all of the other type V GPAs (Figure
6B). Although rimomycin-A/B/C andmisaugamycin-A/B show
distinct cross-link patterns, the X-domain-mediated recruitment
of Oxys to perform the oxidative cyclization seems to be
conserved in their biosynthesis as observed in other GPAs. The
sequence alignment of OxyArmo/OxyCrmo andOxyAmis/OxyCmis
reveals the presence of the conserved characteristic X-domain
recruitment fingerprint “PRDD” motif in the F-helix and the
presence of characteristic X-domain interaction residues in the
D-, E-, F-, and G-helixes28 (Figure S55). These features suggest
that the OxyCrmo-catalyzed multiplex biaryl-ether cross-link and
the OxyAmis-catalyzed C−N cross-link should all be mediated by
the interaction between theOxy proteins and the penultimate X-
domain on the NRPS.28 Additional in-depth in vivo and in vitro
studies are required to clarify the details of the biosynthetic
mechanisms of these novel compounds.
Rimomycin-A/B/C and misaugamycin-A/B, like the pre-

viously characterized complestatin, corbomycin, and GP6738,
interrupt the cell wall degradation steps essential for cell division
by blocking the activity of autolysins.15,16 The conserved C-O-D

and D-E dual-ring structure present in type V GPAs is the
essential structural motif to exhibit their antibacterial activity.
Reconstruction of the C-O-D and D-E dual-ring linkage through
reduction of the central Hpg4 to ocHpg4 and the installation of
the C−N-linked D-E ring in misaugamycin preserves its
autolysins’ inhibition MOA. However, the more compressed
12-membered D-E ring in misaugamycin compared to the more
common 16-membered D-E ring in complestatin, corbomycin,
kistamicin, and rimomycin impaired its antibacterial activity.
Alternatively, the unprecedent N-terminal acylation (2-
sulfoacetyl) modification was introduced to compensate for
the potency of misaugamycin. The more rigid 3D structures
constructed by the installation of additional cross-links in the
peptide scaffold of the type V GPAs (A-O-B cross-link in
rimomycin/kistamicin and B-C/G-O-H cross-links in corbo-
mycin) may increase the affinity of the GPAs for PG,
contributing to improved antibacterial efficacy.16 Beyond the
variations in the ring topology, chlorination modification can
also improve the antibacterial activity in the type V GPAs.
Interestingly, rimomycin-A/B/C show additional antimycobac-
terial activity and antibacterial activity against the efflux pump
and the outer-membrane-compromised E. coli BW25113
ΔbamBΔtolC strain and improved efficacy against VRE
compared to other type V GPAs. We note that rimomycin-A/
B/C possess a free N-terminal amino group, providing a suitable
site for semisynthesis differentiation to generate new derivatives
with improved druglike properties.
The type V GPAs show a novel MOA with low resistance

development, properties coveted in drug discovery to mitigate
the antibiotic resistance crisis. Expanding this novel functional
class of GPAs offers a promising avenue for the development of
new drug leads. Phylogenetic analysis revealed dozens of novel
GPA BGCs in bacterial genomes, especially those of
Streptomyces. As the growth of sequenced bacterial genomes
continues, many more hidden natural product BGCs encoding
unknownmolecules will be brought to light. The combination of
genomics and synthetic biology has the potential to accelerate
innovations in the drug discovery pipeline.
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